Czech dysplasia metatarsal type is an autosomal-dominant disorder characterized by an early-onset, progressive spondyloarthropathy with normal stature. Shortness of third and/or fourth toes is a frequently observed clinical feature. Similarities between individuals with this dysplasia and patients with an R275C mutation in the COL2A1 gene, prompted us to analyze the COL2A1 gene in the original families reported with Czech dysplasia. Targeted sequencing of exon 13 of the COL2A1 gene was performed, followed by sequencing of the remaining exons in case the R275C mutation was not identified. We identified the R275C substitution in two of the original patients reported with Czech dysplasia and three additional patients. All affected individuals had a similar phenotype characterized by normal height, spondyloarthropathy, short postaxial toes and absence of ocular and orofacial anomalies. The R275C mutation was excluded in a third patient reported with Czech dysplasia. However, the identification of the Y1391C mutation in this patient with disproportionate short stature made the diagnosis of spondyloperipheral dysplasia (SPD) more probable. The Y1391C mutation is located in the C-propeptide of the procollagen chain and has been reported before in a patient with the Torrance type of lethal platyspondylic skeletal dysplasia (PLSD-T). Our observation of the same Y1391C mutation in an additional unrelated patient with SPD further supports the evidence that PLSD-T and SPD represent a phenotypic continuum. The R275C mutation in the COL2A1 gene causes a specific type II collagen disorder that was recently delineated as Czech dysplasia.
Introduction
Czech dysplasia metatarsal type or progressive pseudorheumatoid arthritis with hypoplastic toes (OMIM no. 609162) is an autosomal-dominant skeletal dysplasia first described in 2004 by Marik et al. 1 Affected individuals have a normal stature but usually complain of severe joint pain before adolescence. Restricted mobility in the lower limb joints and a kyphoscoliosis are frequently observed. A typical phenotypic hallmark of the condition is shortening of the third and fourth toes, which is the result of metatarsal hypoplasia. Skeletal radiographs usually reveal signs of early osteoarthrosis in the spine and lower limb joints. Platyspondyly with irregular endplates and elongated vertebrae can be observed in the more severe cases. The upper extremities are usually normal; however, hand radiographs can reveal narrow joint spaces and flattened epiphyses. Up to now, five families from the Czech Republic have been reported with this disorder. 1 -3 Recently, we have shown that missense mutations in the COL2A1 gene, which substitute an arginine by a cysteine residue in the triple helical domain of the pro-a1(II) collagen chain, cause a spectrum of disorders including Stickler syndrome, spondyloepiphyseal dysplasia congenita and spondyloarthropathy with brachydactyly. 4 Affected individuals with the latter condition often have short third and fourth metatarsals and complain of arthropathy. The similarities between the latter phenotype and that in Czech dysplasia prompted the analysis of the COL2A1 gene and the specific search for arginine-to-cysteine mutations in the patients reported with Czech dysplasia and in three additional patients identified in the course of this study.
Materials and methods

Patients
All patients were evaluated by at least one clinical geneticist at the referring center. The patients included in this study were the four original cases reported with Czech dysplasia 1,2 and three additional individuals that were identified during the course of this study with a phenotype resembling spondyloarthropathy with brachydactyly (as described in Hoornaert et al 4 ) or Czech dysplasia. After informed consent, a blood or DNA sample was sent for mutation analysis of the COL2A1 gene.
Molecular analysis
Genomic DNA was extracted from blood samples by standard procedures, followed by touchdown PCR amplification. We started screening for the R275C substitution (c.823C4T mutation) in exon 13 of the COL2A1 gene since this particular nucleotide change is found in spondyloarthropathy with short metatarsals. 4 (The R275C mutation corresponds to the R75C mutation in the previous report by Hoornaert et al. 4 The codon numbering has recently been changed with reading now starting at the first methionine (start codon for translation) instead of the first glycine residue in the triple helical domain of the proa1(II) collagen chain (GenBank accession no. L10347).) PCR amplification was performed using forward and reverse primers located in the flanking introns (primer sequences available upon request). The PCR products were analyzed by gel electrophoresis and visualized by ethidium bromide staining on 2% agarose gels. Sequences from our PCR products were obtained on the ABI PRISM 3730 automated sequencer (Applied Biosystems, Foster City, CA, USA) using the BigDye terminator cycle sequencing chemistry. The PCR products were compared to the wildtype sequence as submitted to GenBank accession no.
NM_001844. The nucleotides were numbered starting from the first base of the start codon (ATG) at position c.158 of the cDNA reference sequence. Amino-acid residues were numbered from the start codon methionine (ATG) of the a1(II) collagen chain (GenBank accession no. L10347). If the R275C mutation was not identified, the remaining 53 COL2A1 exons were analyzed by dHPLC using the WAVE DNA fragment analysis system (Transgenomic, Cheshire, UK). Oven temperatures were selected based on recommendations of the WAVEMAKER software program (Transgenomic). All fragments showing an aberrant pattern were directly sequenced as mentioned before.
Results
Targeted sequencing of exon 13 revealed that two of the four patients, previously reported with Czech dysplasia metatarsal type, 1,2 were heterozygous for the c.823C4T
mutation and hence carried the R275C substitution. This mutation was not found in 200 controls. The first patient (RP0607547) in this study is case I in the paper by Marik et al.
1 This 29-year-old man with normal height but short trunk started complaining of joint pain and walking difficulties in early childhood. He had flexion contractures in the hip and knee joints and was confined to a wheelchair. Both feet showed short fourth and fifth toes. At the age of 27 years, he developed synovial osteochondromatosis of the knee. The radiographs showed flattened thoracic vertebral bodies with irregular endplates, deformed femoral heads and osteoarthritic changes in hands, hips and knees. The R275C mutation was also identified in his affected relatives. The second patient (MV0607555) is the affected mother of case II in the paper by Kozlowski et al.
2 She had chronic low back pain and had undergone bilateral hip replacement. She showed short third, fourth and fifth toes on both feet. Case II was not available for molecular testing but is clearly affected. The R275C mutation was absent in case III (AK0607560) reported by Kozlowski et al. 2 This girl also had short toes but differed from the other patients because of significant disproportionate short stature of prenatal onset. Her height at the age of 14 years was 134 cm (À4.5SD). Molecular analysis revealed a heterozygous nucleotide change (c.4172A4G) in exon 53 of the C-propeptide, predicted to result in the substitution of tyrosine by cysteine at residue 1391 (p.Tyr1391Cys). In the last proband (FV0607551; case I in the paper by Kozlowski et al), no mutation was identified after sequencing of the entire COL2A1 gene. 2 This individual did not have distinctive features as compared to the other cases with the R275C mutation.
In the course of this study, three additional unrelated patients were identified with a phenotype resembling Czech dysplasia. The first patient (AD0603929) is a 37-yearold woman of Serbian origin, who suffers since her teenage years from painful knees. She is of normal height (167 cm) and has short third and fourth metatarsals and short fourth metacarpals. Mild platyspondyly with irregular vertebral endplates, hip dysplasia and osteochondromatosis of the knees were demonstrated radiographically (Figure 1 ). The second patient (SB0304240), a woman of British origin, complains since early childhood of aching joints. At the age of 16 years, she was thought to have multiple epiphyseal dysplasia. She is of normal height but shows knee osteochondromatosis and short fourth metatarsals (Figure 2 ). The third patient (NH941702) is a 25-year-old Belgian woman suffering from walking difficulties and joint stiffness since childhood. She is of normal height (171 cm) and has short fourth toes. Radiographic evaluation revealed platyspondyly with irregular vertebral endplates, hip dysplasia and short fourth metatarsals (Figure 3 ). At the ages of 12 and 13 years, she had surgery in the right and left hip, respectively. In all three patients, the R275C mutation was identified.
Discussion
In five unrelated patients with a similar phenotype, we have identified the same nucleotide change (c.823C4T) in the COL2A1 gene. This mutation is predicted to result in the substitution of an arginine by cysteine residue (p.Arg275Cys) in the triple helical domain of the proa1(II) collagen chain. It does not involve a CpG dinucleotide and its occurrence is not due to a founder effect. Two of these affected individuals were the original patients reported with Czech dysplasia. The remaining three patients were identified and selected during the course of this study because of similar phenotypic features. These five patients have a normal stature and characteristic feet with short third, fourth and/or fifth toes. The major clinical morbidity is a severe arthropathy already starting in childhood and resulting in chronic pain in the back and the major joints of the lower limbs. The normal stature, normal intelligence and signs of arthropathy differentiate this condition from other disorders with postaxial toes such as pseudohypoparathyroidism (OMIM no. 103580) and the 2q37 deletion syndrome (OMIM no. 600430). 5, 6 Interestingly, cleft palate, myopia, vitreous anomalies and defective hearing, features often observed in type II collagen disorders, are absent in all five patients. Radiographic evaluation reveals mild platyspondyly with irregular vertebral endplates, narrowed intervertebral spaces and sometimes elongated vertebrae. Signs of osteoarthrosis are mainly visible in the lower limbs with deformed femoral heads and dysplastic pelvic changes. The metatarsal hypoplasia involving the postaxial toes is a diagnostically important and distinctive feature. Five additional patients with this R275C mutation have been reported in the literature and all of them share the same clinical and radiographic features (Table 1) .
4,7 -11
Figure 1 Clinical and radiographic pictures of patient AD0603929.
There is shortening of the third to fifth toes on both feet (a). Brachydactyly with absent knuckle sign for the fourth finger is shown on the left hand (b). Anteroposterior radiographs of both feet reveal shortening of mainly the fourth and fifth metatarsals (c). The short fourth metacarpal is visible on the left-hand radiograph (d). Platyspondyly with irregular and sunken endplates is seen on the lateral radiograph of the thoracic spine (e). Anteroposterior radiographs of pelvis and right knee show respectively coxarthrosis (f) and osteochondromatosis lesions in the knee joint (g).
There is evidence that substituting a hydrophilic arginine by a hydrophobic cysteine within the triple helical domain of the collagen protein affects the integrity and stability of the collagen fibril. Previous analyses have shown that arginine is the most stabilizing residue in the Y-position of the Gly-X-Y repeat. 12 On the basis of the collagen stability algorithm (http://jupiter.umdnj.edu/ collagen_calculator/), we can calculate that the R275C mutation causes local destability of the procollagen chains (DT ¼ 1.221C). 13 However, Steplewski et al 14 did not notice any change in thermostability of the entire pro-a1(II) collagen chain containing R275C. This observation suggests that the mutation only affects local thermostability without adverse effect upon the entire collagen chain. Cysteine residues are absent in the triple helical domain of the pro-a1(II) collagen chain. 12, 15 When introduced by mutation, cysteine residues may engage in creating either intramolecular or intermolecular disulfide bonds and hence unfavorably affect the supramolecular conformation of the collagen fibrillar network. 16 Cartilage analysis in a patient with the R275C mutation has shown that the fibrillar network is abnormally organized and composed of thin appearing fibrils. 8 In one patient (AK0607560), reported previously to be affected by Czech dysplasia, the R275C mutation was excluded. This patient was however heterozygous for a c.4172A4G transition resulting in the substitution of tyrosine by cysteine (Y1391C) in the C-propeptide of the pro-a1(II) collagen. Disproportionate short stature was the most distinct feature between this individual and the ones with the R275C mutation. We believe that this individual has spondyloperipheral dysplasia (SPD), another type II collagen disorder that resembles spondyloepiphyseal dysplasia congenita both clinically and radiographically but differs from it by the brachydactyly. 17 -21 The Y1391C mutation has been published before in a patient with lethal platyspondylic skeletal dysplasia, Torrance type (PLSD-T).
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In rare instances of survival, infants with PLSD-T develop a phenotype resembling SPD, suggesting that both conditions are not separate disorders but rather represent a phenotypic continuum. 23 -25 Our recent identification of the same Y1391C mutation in another unrelated patient with SPD (data not shown) underscores the causality of this mutation and supports the hypothesis that both SPD and PLSD-T share a common pathogenetic mechanism. Both conditions are caused exclusively by mutations in the C-propeptide of the pro-a1(II) collagen chain. In PLSD-T both truncating and missense mutations have been found, 23 -25 whereas in SPD only truncating mutations have been reported. 20, 21, 23, 26 The two patients in this study, however, show that SPD can also result from missense mutations in the C-propeptide (Figure 4 ). The C-propeptide of the pro-a1(II) collagen chain contains eight cysteine residues. The integrity of the C-propeptide is critical for proper chain association and for subsequent folding of the individual chains into a collagen trimer with triple helical configuration. The cysteine residues play an important role in this process through formation of intra-and interchain disulfide bonds. 27 Intrachain disulfide bonds are formed between cysteine residues 1393 and 1438 and the cysteine residues 1323 and 1485, respectively. Cysteine residues 1283, 1289, 1306 and 1315 are involved in interchain disulfide bonding. Truncated chains lacking a substantial part of the C-propeptide are hardly or not incorporated into the collagen trimer. 21, 27 Mutations that introduce a new cysteine residue within the C-propeptide may have a similar deleterious effect on chain association and trimer formation. By introducing a cysteine residue in exon 53, close to C1393, the Y1391C mutation may disturb normal intrachain disulfide bond formation. Brachydactyly and disproportionate short stature are important phenotypic consequences of mutations in the C-propeptide of the pro-a1(II) collagen chain. However, not all mutations in this domain will result in a short stature phenotype. A previously published patient with the R1276C mutation had brachydactyly and spondyloarthropathy but with normal height. 4 Furthermore, the G1305D mutation, which has been reported in a patient with vitreoretinopathy and phalangeal epiphyseal dysplasia, was also associated with a normal stature. 28 In comparison to the other C-propeptide mutations causing short stature, these two mutations are located more proximal in the C-propeptide of the pro-a1(II) collagen chain. Hence, it seems that mutations located around the cysteine residues involved in intrachain disulfide bonding have a more deleterious effect on growth than the ones located more Figure 3 Radiographs of patient NH941702 taken at different ages. Anteroposterior radiograph of the pelvis at the age of 7 years 7 months reveals small and broad iliac wings, irregular acetabular contours and small proximal femoral epiphyses (a). The knees at the age of 7 years 10 months are mildly affected with convexity of the proximal tibial growth plate (b). Radiographs of the spine at the age of 12 years 7 months show medially placed pedicles ('open staircase vertebral bodies') on the anteroposterior pictures (c) and platyspondyly with irregular endplates on the profile films. Mainly the thoracic vertebrae have an elongated appearance (d). The right-hand film at the age of 12 years 7 months shows shortening of all metacarpals and phalanges with rather broad diaphyses, helmet-shaped metacarpal epiphyses and large carpal bones (e). The feet at the same age show bilateral shortening mainly the fourth metatarsal and broad metatarsal and phalanges in the great toe (f).
proximal, in the neighbourhood of cysteine residues necessary for the formation of interchain disulfide bonds.
In conclusion, we have shown that the R275C mutation in the COL2A1 gene is a recurrent mutation causing a specific phenotype within the type II collagen disorders. The disorder is characterized by a spondyloarthropathy with normal stature and lack of orofacial anomalies. Shortening of postaxial toes is a remarkable feature that Figure 4 Schematic representation of the C-propeptide of the pro-a1(II) collagen chain with indication of the cysteine residues involved in intraand interchain disulfide bonding and localization of mutations with the corresponding phenotypes.
Czech dysplasia: another type II collagen disorder KP Hoornaert et al should prompt the clinician to consider this diagnosis in patients with chronic and early-onset osteoarthrosis. In addition, we have shown that patients, previously reported with Czech dysplasia, have this mutation. We therefore suggest that Czech dysplasia should be incorporated as a new member within the family of type II collagenopathies. Both Czech dysplasia and 'spondyloarthropathy with short third and fourth toes' should now be considered as one and the same disorder. We also have provided further evidence that both SPD and PLSD-T represent a phenotypic continuum since the same missense mutation in the Cpropeptide may cause either disorder. Finally, we have observed a relationship between the localization of missense mutations in the C-propeptide and the resulting phenotype when linear growth and final stature are taken into account.
